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In water polution control and wastewater work, the 'strength" of or-
ganic wastes is generally measured by the amount of oxygen required to 
stabilize them biologically. Micro-organisms utilize oxygen during 
aerobic metabolism of the organic constituents of waste. The amount of 
oxygen utilized is termed Biochemical Oxygen Demand (BOD) of the waste; and 
it is determined through a standardized procedure by seeding appropriatly 
diluted samples and incubating them at 20°c for five days along with sys-
tems containing only the seed organisms. The oxygen depletion due to seed 
alone is then subtracted from that recorded for the systems containing 
seed-plus-sample, and the BOD of the waste is computed by applying dilution 
factors (1). 
The BOD test has been used for many decades as a basis for design and 
control of waste water works. It was a widely accepted assumption that the 
progression rate of the daily BOD in an incubated sa..~ple follows first-or-
der Kinetics; in other words, the velocity of the biochemical oxidation of 
organic matter, has been assumed to be proportional to the remaining con-
centration of oxidizable material. This concept implies that the reaction 
follows an exponential function and that its proportionality factor is con-
stant and not dependent on the amount of oxygen available. The mathemati-
cal relationship of the BOD process can be expressed as a differentlal 
equation: 
-d.L/dt = KL 
1 
This equation ruJJoS the solution of: 
where: 
Y = L(l-10-Kt) 
I= BOD at any time 
L ·..: Ultimate BOD 
K = Rate constant 
t '.a: Time 
2 
The rate constant, K, was originally considered to have a value of 
0.10 which corresponds to a stabilization rate of 21% of the remaining or-
g~..nic matter per day. 
The above concept was proposed by early investigators who experimented 
with domestic sewage, and it had no theoretical basis (2, 3, 4, 5). Gradu-
ally, the validity of this idea was questioned as evidence of variations i::n 
K value accumulated especially after the waste waters began to vary con-
siderably in their nature due to increased industrial activity. Ruchhoft 
(6) obtained valu~ of K from 0.04 to 0.29 when he tested 50 sewage samples. 
In 660 individual analyses of samples of a highly reproducible soluble sub-
strate, Busch (7) found that K varied from 0.109 to 0.539 with 44% varia-
tion. Sawyer (8) stated that ttit was found that K values for sewage varied 
considerably from day to day". Many others (9, 10, 11, 12, 13, 14) ob-
served the same inconsistency in K value. 
Now it is realized that the 5-day BOD test value as an absolute meas-
ure of the final 20-day BOD (La) of the waste is questionable., and that it 
serves only as a means for "comparing wastes on a relative basis or for 
evaluating the effectiveness of a treatment plant" (7). The inadequacy of 
the test and the suggested formula in predicting the ultimate BOD value is 
illustrated in Figure 1. Al though the 5-day BOD is fixed and the rates 
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Figure·l. Ultimate BOD ComP11ted From Dif'ferent K's And One Fixed 
5-Day BOD (After Sawyer, Rat. 8) 
3 
Also, it has been shown that the stabilization process does not 
necessarily follow one first-order Kinetic formulation (15, 16, 17, 18, 
19, 20). This aspect will be discussed in more detail in a later part of' 
this report. 
Most of' the teclmical literature cited recognized the over-simplifica-
tion implied· in the BOD f'ornla as it has been used. Many experiments 
since the development of' the equation revealed a "hump" in the BOD curve. 
This is commonly taken as a sign of n~trif'ication (6, 10, 16, 21, 22). 
Recently Busch and M;yrick (23) challenged this idea and attributed the 
4 
"hump" to the activity of predators (protozoa), feeding on the bacteria. 
Both theories will be discussed more fully in the "Discussion" Section. 
At present, there is much controversy over the exact shape, the 
significance, and the causation of the phasic nature of the BOD curve. 
The study reported herein is undertaken in an attempt to give an insight . 
into three points regarding the problem: 
1. Nature of BOD reaction Kinetics 
2. Occurrence ,r a "hump" in the BOD curve 
J. Population dynamics during expression of BOD 
CHAPTER II 
MATERIALS AND METHODS 
The objectives of this work were to define the shape and kinetics 
of the Bod curve, and to examine bacterial growth during exertion of 
the biochemical oxygen demand under conditions of the Standard BOD Test. 
Accordingly, extended experiments were undertaken in which samples for 
measurement of viable cell counts were taken each time dissolved oxygen 
was measured for the determination of BOD. 
In this study six separate experiments were conducted in which the 
above mentioned parameterswere examined. The experiments are identified 
in TABLE I. Throughout this text they will be referred to by their 
appropriate numerical designation. Each experiment is described more 









DESIGNATION OF BOD EXPERIMENTS 
Ste.rting Date Substrate Ini tiru. J'oplll.atia:o 
Nov. 28, 61 Glucose 2.6 X lo4 
Dec. 15, 61 Glucose 5.9 X 105 
Mar. 8, 62 Glucose 7.9 X 104 
April 5, 62 Nutrient Broth 
April 17, 62 Glucose 8.5 X 104 
April 25, 62 Nutrient Broth 2J.8 X lo4 
6 
MateriaJ.s 
Substrate: DIFCO Anhydrous d-Glucose was used in experiments 
I, II, III, and V. The concentrations used were 8 mg/1 for experiments 
I and III; 5 mg/1 for experiment II, and 9 mg/1 for experiment V. The 
substrate was varied in nature and concentration in order to study the 
effect of this parameter on kinetics of the oxygen uptake process. In 
experiment IV and VI, nutrient broth was used. The BOD of the nutrient 
broth was assumed to be 40,000 mg/1 when experiment IV was run. This 
proved to be a very high estimate when experiment IV failed dua to the 
very slow oxygen utilization (1.12 mg/ml in 210.5 hrs.). When a separate 
4-day BOD test was made, the approximate ultimate BOD of the nutrient 
broth was found to be 8500 mg/1. 
The result of this test is shown in TABLE XX in the Appendix. 
6 
See~: The seed used in the first two experiments was obtained from 
the effluent of the primary settling tank in the sewage treatment plant 
of Stillwater, Oklahoma. In both cases the liquid was allowed to settle 
for approximately one···half hour before using the supernatant as a seeding 
suspension. In all the other experiments except IV, the seed was ob-
tained from the mixed liquor in a laboratory activated sludge unit oper-
ating on a synthetic waste in which glucose was the sole source of carbon. 
The activated sludge in this unit was developed from an initial seed 
tp_ken from the above mentioned treatment plant. Therefore, the population 
used in all of the experiments except IV, was ofa. heteregeneeus nature. Al-
though in sanitary engineering research pure culture studies are often of 
value, the advisability of using hsterogeneeus populations has been empha-
sized in the literature (24). Ex;xJr.i.ment IV was designed to study changes 
in bacterial predominance during th:, BOD process. Three types of 
7 
organisms were used in this experiment in approximately equal concen-
trations. They were: Micrococcus, Lysodeikticus, Serratia Marcesce,ns"' 
and Pseudomonas Fluorescens. 
Nutrient Medium 
The medium used for plating organisms was BACTO nutrient agar, 
which was rehydrated by suspending 23 gm. in 1000 ml. of cold freshly 
distilled water and heating it to boiling. After boiling, the liquid 
was sterilized in a steam autoclave for 15 minutes at 15 lbs. pressure~ 
Then it was allowed to cool to about 450c after which it was poured in 
sterilized Petri dishes and allowed to solidify. The dishes were stored 
in an incubator at 37°c ± 1°c for a period which varied up to two weeks.1 
Dilution Water 
Deionized water was used. It was prepared by passing Stillwater 
tap water through a mixed bed deionizer (Barnstead Cartridge, type 0802). 
Stock nutrient solutions (Phosphate buffer, Magnesium Sulfate, Calcium 
Chloride,an:d Ferric Chloride) were prepared according to instructions in 
Standard Methods (1) p. 319, and 1 ml. of each was added for each liter 
of dilution water. 
Apparatus 
Incubating bottles of 300 ml* capacity with ground-glass stoppers 
were used. Incubators for BOD bottles and agar plates were air incubators 
thermostatically controlled. 
1This time length was justified by the author in a separate study of the 
spot plate method for counting bacterial cells (25). 
-a 
Dissolved Oxygen Reagents 
Reagents used for dissolved oxygen determination were prepared in 
accordance to Standard Methods (1), p. 309. 
EIPERIMENTAL PROCEDURE 
Preparation of Seed and Sample Dilutions 
The necessary quantities of distilled water for the seed systems 
and the sample-plus-sE!e.d systems 'i,las kept in separate 20 liter glass 
bottles in a 20°c constant temperature room for approximately 24 hour~. 
Just before the experiment was started, air was bubbled at the same rate 
into both stock bottles for a period of 15 minutes. Then the four nutri-
ent solutions and the appropriate volume of seed susp.ension were added 
to each stock bottle. At this point in the experiment, both 20 liter 
jugs contained identical materials. The amount of seed used was decided 
upon by visual judgment in these experiments. In later experiments, in 
order to have better control over the number of organisms in the seed, 
trial counts for viable cells was made. The number of organisms per ml. 
of water was calculated from these trial runsa The results of the trials 
and the calculations made are shown in TABLE XXI in the Appendix. 
In all cases equal amounts of seed suspensions per liter of dilution 
water were used for the sample as well as for the seed bottle. 
After introducing the solutions and the seed, stock bottles were 
shaken vigorously to mix the liquid well and to release any supersatura-
tion of dissolved oxygen. The incubation bottles were then filled from 
the seed dilution stock bottle. Utmost care was exercised so that all 
bottles were filled in the same manner and with a minimum of liquid 
agitation. The first and the last incubation bottles to be filled were 
kept for the initial. DO determination; and the re~t were sealed with 
water and stored in the air incubator at 20°c. 
The desired amount of substrate was then introduced irito the . 
9 
sample stock bottle and the bottle was vigorously shaken. The sample-
plus-seed incubation bottles were filled and stored in the same manner 
as described above. Initial dissolved oxygen was determined on this 
system in the same manner as for the seed. 
Dissolved Oxygen (DO) Determination - Alsterberg (Azide) Modification 
of Winkler Method 
The procedure followed in determining the DO of the seed and sample-
plus-seed dilutions was as described in Standard Methods (1) p. 311. 
For experiments I and II, duplicate bottles for the seed and the 
sample-plus-seed were used at each sampling period. During the rest of 
the experiments this was done only for the initial samples; for subse-
quent samples, two bottles of the sample-plus-seed and one of the seed 
were tested. However, whenever the DO values obtained were doubted 
additional bottles were used. 
The average of the DO values of each set of bottles was corrected 
for the actual normality of the Sodium Thiosul.fate as determined by 
standardizing it with biniodate according to the standard procedure. 
This corrected value of the average which is recorded in TABLES IX 
te XIV in the Appendix. 
The Sodium Thiosulfa.te which was used for titration was standardized 
frequently. A smooth curve was plotted to connect the actual points ob-
ta.ined. This is shown in Figure 10 • The correction factor for 
the values of any run made between each two standardizations was com-
puted from these curves. 
-
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It was observed in experiments IV, V, and VI that the thiosulfate 
was becoming "stronger" instead of weakening as its storage time in-
creased. This was suspected to be due to storing the solution in a 
plastic container instead of a glass bottle. To confirm this and to 
establish the reason for this unusual variation, a new stock W~b ma.de 
and standardized twice. Then 60 ml. were stored in a clean glass bottle, 
and another 60 ml. were stored in a plastic container. After two weeks, 
the solutions in each bottle were standardized again in duplicate. The 
results as tabulated below showed a definite effect of the plastic con-
tainer on the strength of the thiosulphate. 
Ave. initial volume of thiosulphate used per 20 ml. of Biniodate = 
20.1 ml. 
Ave. volume of the thiofulphate when stored in glass for 14 days= 
20.18 ml. 
Average volume of the thiosulphate when stored in plastic bottle 
for 14 days= 19.88 ml. 
Both containers were thoroughly and carefully cleaned. No explanation 
for this result can be offered other than to suggest the possibility of 
interferring substances contained in the plastic. In any event, the 
differences were not of serious magnitude and since the thiosulfate was 
frequently standardized, the slight fluctuations observed did not seri-
ously effect the dissolved oxygen determinations. 
The time for each experiment varied from 10 days to 20 days. Also, 
the intervals between two consecutive sampling periods was shortened 
from 24 hrs. in early experiments to 6 hrs. in the early phase for later 
experiments. This was done because it was found necessary to have more 
frequent samples early in the experiments in order to define the oxygen 
utilization curves more accurately., . Throughout all of U1e, exp,eriments .the. 
BOD bottles were shBken daily to assure mixing and were sealed with water 
12 
to prevent reaeration. 
Bacterial Counts Determination 
Before determining the DO of the incubation bottles used in each 
run, samples were taken out for plating. If two bottles were used in 
the same run, 1/2 ml. was drawn out of each bottle and introduced into 
the cell count dilution bottle. If only one incubation bottle was used, 
I 
1 ml. was taken out of it. When the sample was drawn out, the bottle 
stopper was removed very carefully to avoid any possibility of introduc-
ing air into the bottle. 
Before plating each dilution, the dilution bottle was shaken vigor-
ously about 25 times. Then the suspension was plated using the spot 
plate method. This method consists of adding,with a calibrated pipette, 
eight drops (4 per 1/2 plate) of 0.02 ml. volume each, from the properly 
diluted suspension of the bacterial cells,to the surface of the prepared 
nutrient agar. The validity of this method was established by the author 
in a separate study conducted especially for that purpose (25). The 
spots on the agar surface during the first three experiments were ar-
ranged as shown in FigurE 3A but later it was found more convenient 
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Figure 3- Arrangments ef' Spots on Agar 
Surface in Spot Plate Method 
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After the incubation period, which was as short as 24 hrs. in some 
experiments and as long as 48 hrs. in others, colonies formed by the 
viable cells were counted with the aid of a Darkfield Quebec Colony 
Counter. The necessary period of incubntion was determined by observing 
the growth of the sample from the first run, till the colonies were 
large enough to count. Throughout the rest of the runs, this period was 
maintained. 
From the earlier spot plate method study (25), it was concluded thqt 
the higher the number of colonies per 1/2 olate, the smaller is the 
coefficient of variation. Accordingly, if more than one dilution was 
made in each run, the dilution which yielded more colonies per spot was 
used for calculating the cell count. Figure 4 is taken from the report 
or the above mentioned study. It can be seen from this Figure that if 
2Cf/o is the highest accepte.ble coefficient of variation, any number of' 
· colonies less trum 17 per 1/2 plntB ehould not be considered reliable. 
This was the criteria herein employed for obtaining the cell coa~t. 
0 50 · 100 150 200 250 300 
AVERAGE COUNT- COLONIES PER 1/2 PLATE 
FIGURE 4 - AVERAGE NUMBER OF COLONIES PER 1/2 PLATE AND THB CORRES-
PONDilifG COEFFICIENT Or!' VARIATIONS IN SPOT PLATE METHOD 




The data for oxygen utilization in each experiment a.re ,presented-in 
TABLES. lX te XIV in the Appendix. The results for all experi-
ments are shown graphically in Figures o to 10. It is noted that for 
all glucose experiments, except experiment III, all BOD curves have 
almost the same shape. There is a definite "hump" in all of them. The 
nutrient broth experiment curve.behaved in the same manner as that of 
experiment III in being free of the "hump". In experiment IV, oxygen 
utilization was very slow, and the experiment was discontinued and dis-
regarded after 210 hrs. 
When the same data. was plotted on semi-logarithmic graph paper, with 
time as the abscissa and BOD remaining1 as the ordinate, it was possible 
in.each case, except in experiments III a~d VI, to show three distinct 
reaction phases; which divided the BOD process into three first-order 
stages •. Properties of each stage are tabulated in TABLE II; and the 
results are shown in Figures 11 to 15. Also, in the upper portion of 
these figures, the bacterial counts for both the seed and the sample dur-
ing the BOD exertion are shown. 
1BOD remaining (Lt,) equals La - Yt where La is the 20-day BOD 
as observed or extrapolated (Fig. 5 and 6) and Yt is the BOD exerted 
at time t. 
14 
Colony counts and the computed nwnber of organisms per ml., which 
a.re plotted in Figures 11 to 15, a.re also given in tabular form in the 
Appendix (TABLES X:V te XIX )o 
15 
TABLE II 
PROPERTIES OF BOD PROCESS STAGES 
Stage I Stage II Stage III 
Exp. Oxygen Uptake Length K* Oxygen Uptake Length K* Oxygen Uptake Length K* 
mg/1 % of La Days mg/1 % of La Days mg/1 % of La Days 
I 2.59 43.2 1 0.245 0.75 12.5 2 0.054 2.66 44.3 17 0.121 
II 2.09 51.0 1 0.310 0.16 3.9 2 0.018 1.85 45.2 17 0.096 
III 2.9 52.7 1.25 0.26 - - - - 2.6 47.3 17.75 0.032 
v. 3.3 48.5 1.5 0.193 0.5 7.4 1.67 0.040 3.0 44.2 14.5 0.159 
VI 1.0 19.6 1.0 0.095 - - - - 4.1 80.4 19.0 0.178 
*K is the first-order kinetic constant 
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FIGURE 15- BACTERIA COONTS AND NET OXYGEN UTILIZATION FOR EXPERIMENT VI 
CHAPTER IV 
DISCUSSION 
There are two major points of discussion concerning the results of 
the experiments: (1) The diphasic nature of the curve, i.e. the ex-
istence of the "hump" in the curve. (2) The kinetics of BOD progres-
sion. Both of these points maybe correlated with population dynamics. 
Diphasic Nature of the Curve 
From Fig·.5, 6, 9 , it can be seen that the BOD process does not follow 
one set of first-order kinetics throughout its progress. There is a 
11 hump11 in every cu.:rve for the glucose dilution experiments except in that 
· of experiment III where there was no 11 bump" observed. 
This "hump11 had always been attributed to nitrification. Mehlman 
(15) reported that the increase in the measured BOD is roughly proportionai 
to the concentration of runonia nitrogen and to the activity of the nitrify-
ing bacteria. Sawyer and Bradney {26) also favored this theory of nitri-
f'ication and stated that "after the carbonaceous oxidation is nearly 
completed, conditions allow the development of a nitrifying flora which 
oxidizes the amonia to nitrites and the nitrites to nitrate". Other in-
vestigators (6, 9, 11, 15) had the same point of view on this matter. 
Orford (17) hypothesized that since nitrification is a two phase process,1 
and the BOD curve when plotted on semi-log graphs has two distinct 
l21m3 + 302 ~;~t~~ia forming ... 2N02 + 2H+ +2H20 
2N02 + o2 + 2H+ nitrate forming~2No-3 + 2lt Bacteria 
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straight line portions, then the 11 hump 11 in the BOD curve is caused by 
nitrification. An examination of the figures (Fig. 5, 6, & 7) he pre-
sented in his article showed that his curves do not have two but three 
straight line portions just as do those herein presented. His explana-
tion for the possible existence of a third phase was that "it might only 
represent the respiration requirements of the remaining bacteria". 
The "hump11 in the curves of this study started after 70 to 90 hours 
of incubation. It is known that nitrif'ying organisms develop very 
slowly, and that it "usually takes at le9.st B days for nitrification to 
become significant11 (17). Buswell, et. al. (16) found that while X 
cells of hetrotropic Ese•1erichia Coli becomes 98 X cells in 6 hrs. in 
milk at 37°G, X nitrifying cells increased only to 2 X: cells in 31 hrs. 
in the BOD bottJes. These findings indicate cleaI"ly that if nitrification 
is responsible for the 11 hump" in the BOD curve, it would have developed at a 
much later time than observed in this stud_y. Since this did not occur, it 
is doubtful that nit:dfication caused the 11 hump11 • Also, in the experi-
ments herein reported, the ''hump" in the oxygen curve occurs before 50% 
of the theoretical total BOD was exerted; if nitrification does not begin 
until most of the c11rbonaccous mattGr is removed, it is difficult to ex-
plain the 11 hump" on the basis of nitrification. 
Busch (7, 23) proposed that the variation in BOD value is ascribed to 
the 11 ef'fect of varying ratios of' bacteria to higher organisms in the seocl 
population". To validate his proposition, he te·sted different samples 
with supposingly different bacteria to predator ratios. He concluded th8_t 
"all samples agreed through 60 hrs. and, following the initiation of pred-
ator activity, the sample containing the seed which has not been altered 
physically yielded the highest 5-day BOD value11 (7). From examining the 
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curves (Fig. 6) presented in that paper, it can be seen that the sample 
which contained the unaltered seed had a higher oxygen utilization 
values from the start. Also, the effect of the different procedures 
followed in his seed preparation (centrifuging, filtration, homogeniza-
tion, and ultra-sonoration) on the bacterial population was not ivest:.i-
gated in order to reject that possibility. Besides, the nitrifying 
bacteria effect was not isolated or eliminated in those tests. If the 
second stage in the BOD curve is caused by the higher organisms activity 
while feeding on the bacteria, how can the third stage, which was ob-
te.ined in this ·::;tudy as well as others, be explained'? li'rom th.is analysis 
it can be concluded that this propounded theory has as yet not sufficient 
proof to make it valid. 
By observing the BOD curves and bacterhi,l count· · curves in the Re-
sults section, it can be seen that the patterns of growth and die off of 
organisms are different; but, the "hump" always corresponded to the peak 
plateau in the bacterial population curve. The start of the third stage 
corresponds to the start of the organism die off process. Also, it is 
important to notice the similarity between the seed and the sample popu-
lation progress. All these observations suggest that the changes in the 
BOD kinetics can be correlated to the organism growth and die off pattern; 
and since the patte:"n of population progression in both the seed and· the 
sample is similar except for a higher rate of growth and faster decline; 
it can be suggested that the availability of substrate serves only to in-
crease the magnitude of each population phase. This point deserves fur-
ther study and consideration. 
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Kinetics 
As it can be seen from the oxygen utilization curves (Figures 11, 
12. and 14), oxidation progressed in three stages each of which could 
be plotted in accordance with first-order kientics. Orford and Ingram 
(17) presented curves of the same general shape in their critical re-
view of the ·BOD monomolecular formula. At the end of each stage, the 
percentages of net oxygen utilized to the ultimate BOD, La (20-day BOD 
as observed or extrapolated.f'rom the curves) were approximately the same 
for all glucose dilutions tested. The average values were 48.8% at the 
end of the first stage and 55.5% at the end of the second stage. The 
values for each experiment are listed in TABLE III. Net oxygen utiliza-
tion in the first stage in glucose dilution experiments expressed as 
percentage of theoretical u1 timate oxygen demand2 is shown in TABLE IV 
The average'value of 34.7'1, arrived at in·these experiments differs from 
that of 41.0% which was computed by Busch (7). He attempted to check 
this value by assuming the following reaction for a combination of respira-
tion and growth of.organisms,SC6H1206 + 1802 + 4NH~OCH20 + 4C5H7Noi + 
18C02 + 30H20. 
The difference in results of Busch and those herein reported may be 
taken as indication that the equation assumed by Busch is not necessarily 
applicable to different systems even when the same substrate is used. 
2.Theoretical-ultimate oxygen demand is computed from the following 
equation: C6H12o6 + 6o2~6co2 + 6H20 
The molecular weight of C6H12o6 = 180 
The molecular weight of 602 = 192 
Therefore theoretical ultimate demand is !92/180) x p.p.m. glucose. 









OXYGEN UTILIZE:D AT THE END OF EACH STAGE EXPRESSED 
AS PERCENTAGE OF OBSERVED OR EXTRAPOLATED La 






(except VI) = 48.8 55.5 
TABLE IV 
COMPARISON OF THEORETICAL ULTIMATE OXYGEN DEMAND 
AND FIRST STAGE OXYGEN UTILIZATION FOR GLUCOSE EXPERIMENTS 
Exp. Theoretical Ultimate Stage I Oxygen Demand~% of 
Oxygen Demand mg/1 Theor. fJltimate 
I 8.53 2.59 30.4 
II 5.33 2.09 39.3 
III 8.53 2.90 34.6 
V 9.60 3.3 34.4_ 
Ave. = 34.7 
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La as obtained from the graphs of the glucose experiments and its. 
percentage of ultimate theoretical oxygen demand for each experiment is 
presented in TABLE V. As the average of those percentages indicate, 
only 72.1% of the ultimate theoretical oxygen demand is exerted in a 







PERCENTAGE OF THEORETICAL ULTIMATE OXYGEN DEMAND 
USED IN 20-DAY BOD 
Glucose Tiltimate Observed % of Theor. Utilized 
p.p.m. Theor. BOD Tiltimate BOD in 20 Days 
8 8.53 6.o 70.2% 
5 5.53 4.1 80.7% 
8 8.53 5.5 64.5% 
9 9.60 6.8 77.0% 
Ave.= 72.1% 
La was computed from the monomolecular equation using the 5-days BOD 
value for Y and 0.10 as it is usually assumed for K. The results were 
found to be different from the observed La: This is anoth~r illustration 
of the inaccuracy of the use of one set of kinetics and the usually as-
sumed K value of 0.10. The results of these computations are shown be-
low in TABLE VI. 
If a ve1ue of K of 0.17, as favored by Sawyer (8), was used in com-
puting La for experiment VI, because of the closer resemblance of nu-
trient broth to domestic sewage, the La Y.alue would be 4.9 mg/1 which is 
3.9% different from the measured value. These differences although small 
appear to militate against any generalization concerning K values. 
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TABLE VI 
La AS COMPUTED FROM THE MONOMOLECULAR EQUATION 
(K = 0.10) VS. OBSERVED La 
Exp. 5-Day La Percent 
BOD Computed Measured Difference 
I 4.6 6.23 6.0 3.8 
II 2.9 4.24 6.1 · 3.4 
III 3.5 5.12 5.5 6.9 
V 4.4 6.43 6.8 5.5 
VI 4.2 6.15 5.1 20.6 
Determination of Kand La From Observed BOD Values 
A number of methods for finding the magnitude of La and K from a 
series of observations of Y and t have been proposed: The "Rapid Ratio 
Methodu, as.proposed by Sheely (27), "The Moment Method11 which was de-
veloped by Moore, Thomas, and Snow (28), and "The Daily Difference 
Method" as suggested by Tsvigolou (29) were herein used to evaluate K 
for the first 5 days of the BOD process in experiment VI. The BOD curve 
as plotted on semi-log graph paper rits the data very well for this 
period. The calculations for each method a.re shown herein and a summary 
of the results compared with the measured value of Kare presented in 
TABLE VIII. 
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The Rapid Ratio Method 
The reaction is assumed to be monomolecular in this method of cal-
culation. Special graphs were devised for solving the BOD equation (27). 
A portion of one graph is reproduced here in Figure 17. 
t Yt/Y5* Kt 1 
1 0.63/4.1 = 0.15 0.01 
2 2.5/4.1 = 0.61 0.17 
3 3.4/4.1 = 0.83 0.20 
4 3.8/4.1 = 0.93 0~20 
0.15 Ave. 
* Values obtained from arithmetic plot ofdata. 
5-day BOD 
Yt = BOD at time t, Y5 = 
+ K obtained from Figure 17. 
The Moment~· 
A specially prepe_red nomograph has been developed to be used for 
this method of calculation (28). A portion of this nomograph is re:pro-
duced in Figure 16. 
_t_ y txY 
1 0.63 o.6 
2 2.5 5.0 
3 3.4 10.2 
4 3.8 15.2 
5 4.1 20.5 
14.4 51.5 
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Dailx Difference Method 
This method was devised by Tsviglou and it does not require special 
curves. The method takes into consideration the fact that exertion of 
the i30JJ is not a simple monomolecular reaction. It is considered by 
Tsviglou to be a "somewhat more complex reaction having a monomolecular 
base" (29). In :fn.is analysis and presentntion of this method no BOD 
tests were made in the very early phase of the reaction where tis one 
day or less. Using data obtained during this interval in this study, 
smooth fitting of the daily differences in BOD to a straight line on 
a semi-log grl".ph pp,per fails. Figure 18 and TABLE VII show the data for 
texperiment VI plotted as suggested by Tsviglou. The plots for the other 
experiments fall in almost the s~me pattern. 
In. this method, daily differences in BOD values are plotted on semi-
log graphs as shown in Figure 18 and a straight line is fitted to the 
data obtained during the later days and extrapolated to time zero. Then 
the differences between this line and the observed data are plotted as a 
separate process (Fi.g,.18 B). Slope of the line in the first curve (A) 
gives K for the period of time involved and the slope of the line in the 
second curve (B) gives K for the early days. 
When the daily differences as computed in TABLE VII were plotted it 
was impossible to draw a curve which will fit the values.for the fi;r-st. 
day difference. Ignoring that value, K for the period of 3 to 5 days, 
was found to be 0.056 and for the period Oto 3 days, 0.425. The weighted 
average of both is 0.278. 
The actual K's i'or this period, 0-5 days, as observed from the semi-
log plot of the BOD .. cuTve:: K1 for the first day · · ., 0.095 
K2 for the next 4 days = 0.178 
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TABLE VII 
DAILY BOD DIFFERENCES FOR EXPERIMENT VI 
Time Interval BOD Difference 
Days Mg/L., 
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Figure 18- BOD Daily Differences Semi-Logo Pl•t for the First Five 
Days of Experiment VI 
which yields a weighted average of 0.1,41 as shown below: 
0.095 X l = 0.095 
0.178 X 4 = 0.712 
0.807 
Kw = o.so7 I s :;;; 0.141 
The.summary of the results of these calculations is shown in 
. 'T'J,lJLEVII below, with the value of La as computed (using the monomole-
cular equation fort= 5 days and the observed 5-day BOD for Y). 
TABLE VIII 
VALUES OF K P..ND La COMPUTED BY DIFFERENT METHODS 
K L 
Rapid Ratio Method = 0.15 4.98 
Moment Method = 0.06 8.2 
Daily Difference Method= 0.278 4.30 
As Observed = 0.141 5.10 
These differences show that the formula and the methods used so far 
to calculate K do not give satisfactorily accurate results. More in-
vestigations are needed in order to arrive at a more concrete method and 
more valid equation to describe and evaluate the BOD reaction. 
Calculations of actual K values as obtained from the tests made in 
these experiments showed no agreement in values, but the percentage of 
BOD used at the end of the first two stages of all the glucose dilutions 
were in closer agreement. 
CHAPTER V 
CONCLUSIONS 
For the Glucose substrate herein used, and except for experiment III, 
the BOD reaction progressed in three stages each of which can be plotted 
as a first-order reaction. Oxidation rates vary from one stage and one 
experiment to the other. 
The ratio of ox~y-gen utilized up till the end of the second stage 
and during the third stage to the 20-day oxygen demand appears to be, on 
the average, fairly consistent; it is 55.5% for the first two stages and 
45.3 for the third. 
The length .of each stage varied from one experiment to another and 
it does not appear :to have a definite relationship with the number of 
bacteria in the seed material. 
It was verified that the present BOD equation and those of the com-
monly used methods to compute K values do not adequately describe the BOD 
reaction. Therefore the use of one specific incubation time in employ-
ing the BOD test as a measure of pollution is not an adequate test. How-
ever, it should be noted that only two types of synthetic wastes were 
used in this study. 
It is felt that the stages of the BOD reaction are related to the 
pattern of growth and die off of the bacterial population. This pattern 
is believed to cause the "hump" in the arithmetic plot of BOD tests. The 
peak plateau in the bacterial population curve appears to be involved in 
the causation of the "hump". 
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CHAPTER VI 
SUGGESTION FOR FUTURE WORK 
Diphasic Nature of the Curve 
"I· 
' ' 
More investigations are needed to establish the characteristics and 
causation of the "hump" occurrence. This can be done by isolating the 
effect of nitrifying bacteria or that of the predators on the BOD pro-
gression. The fol lowing steps can be suggested for that purpose: 
1. Run BOD tests us'ing seed free of nitrifyers and of 
Protozoa, i.e. either pure culture or mixture of known 
cultures. 
2. Run BOD tests using seeds free of Protozoa and con-
taining nitrifying Bacteria. Then, vary the amount 
of nitrogen available in the dilution to study the 
effect on the ''hwnp11 , i.e. its starti ng time and its 
size. 
3. Run BOD tests using seed free of nitrifying bacteria 
or using a nitrogen source which cannot be used as 
an energy source for nitrifying bacteria. 
Substrate - Organism Ratio 
In each of the above suggested steps substrate concentration can be 
held constant while seed concentration is varied. It will also be use.f'ul 
to vary seed concentration while holding substrate concentration constant. 
It will be advisable to run similar experiments using substrates other 
than glucose and nutrient broth, since the only time in which a "hump" was 




A study of predominance effect on the shape of BOD curves can be 
undertaken by using two or more equal numbers of pure cultures as seed. 
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APPENDIX ., 
TABLE IX 
OXYGEN UTILIZATION DATA FOR EXPERIMENT I 
RUN !!EE SEED SAMPLE NET OXYGEN 
NO. HRSo n.o. A DoOo n.o. A n.o. UTILIZATION 
Mg/L Mg/L MefL Mg/L Mg/L 
1 0 7066 0 7066 0 0 
2 24 7.15 o.s1 4o46 3.10 2o59 
3 48 6.82 o.84 3.84 3.72 2088 
.4 73 6.23 1.43 2.79 4.77 3.34 
5 96 6022 lo44 2o01 5o56 4oll 
6 119 602.9 1.37 1.55 6.01 4.64 
7 143 6029:' lo~W 1.17 6039 5.02 
8 166 6.19 1.47 1.10 6046 4.99 
9 214 6003 1.63 o.ss 1.00 6037 
10 240 5o99 1.67 Oo62 6094 5o27 
TABLE X 
OXYGEN UTILIZATION DATA FOR EXPERIMENT II 
RUN tmn SEED SAMPLE NET OXYGEN 
NO. HRS. DoOe A DoOo D.o. A DoOo UTILIZATION 
Mg/L Mg/L Mg/L Mg/L Mg/L 
l 0 7.55 0 7.60 0 0 
2 24 7.37 0.1a 5.39 2.21 2.03 
3 46 7.12 o.43 6.08 2.52 2.09 
4 72 7.02 o.53 4.65 2.75 2.22 
5 96 6.67 0088 4.11 3.49 2.61 
6 138 6.60 o.95 3.57 4.03 3.08 
7 285 6053 1.02 2.12 4.88 3.86 
TABLE XI 
OXYGEN UTILIZATION DATA FOR EXPERIMENT III 
RUN iit:~E SEED SA:MPL8 NET OXYGEN 
NO. HRS. DoO• /); DoOo D.O. A D.O. - UTILIZATION 
Mg/L Mg;/L Mg/L Mg/L Mg/L 
l 0 s.62 0 8.18 0 0 
2 13 a.43 o.19 s.os o .. 15 0 
3 26 a.33 Oo29 7o59 o.59 o.ro 
4 41 a.13 o.49 5 0 99 2.19 lo70 
5 48 8.,22 o.4o 5.,20 2.98 2o58 
6 62 7.78 Oo84 4 .. 47 3o71 2o87 
7 72 7.85 0.11 4.47 3.71 2.,94 
8 85 7.90 Oo72 4o25 3o98 3o2l 
9 99 7.80 o.a2 4.10 4.08 3.26 
10 111 7o38 lo24 4ol7 4.01 2 .. 77 
11 123 7 079 o.a3 3.84 4.,34 3 .. 51 
12 135 7.86 Oo76 3.88 4.30 3 .. 54 
13 147 7.83 0.89 4.11 4o07 3.,18 
14 161 7.77 Oo85 3o49 4oS9 3o84 
15 187 7.63 o.99 3.37 4o81 3.82 
16 211 7.,59 1.05 3o07 5.,11 4o08 
17 236 7.,59 1.03 3.02 5.,16 4o13 
18 333 7o48 1.24 2.04 6c,l4 4.90 
19 415 7.38 1.24 1.99 6.19 4.95 
20 491 7o43 lo19 lo44 6074 5.55 
TABLE XII 
OXYGEN UTILIZATIOllT DATA FOR EXPERIMENT IV 
RON TIME SEED SAMPLE NET OXYGEN 
NO. HRS. DoO. A D.O. D.Oo A DoO• UTILIZATION 
Mg/L Mg/L Mg/L Mgi_L Mg/L 
1 0 7o47 0 7066 0 0 
2 605 7o52 0 7.65 Ooil 0 
3 14o5 7o52 0 7.52 0.14 0.14 
4 22,..0 7.47 0 7o37 0,..29 0,..29 
5 30.0 7ol5 0,..32 7o22 o.44 0.12 
6 39.o 7.14 Oo33 ·1.03 o.ss 0.30 
7 46o0 7.18 0.29 6,..84 0,..82 o.53 
8 54.0 7o22 0,..25 6.88 0,..78 0.53 
9 79.0 7.26 0.21 6.56 1,..10 0,..89 
10 10106 7ol7 Oo30 6.38 1,..28 0.98 
11 108.5 7,..00 o.47 6,..27 1.39 Oo92 
12 13205 6097 o.5o 6014 1.52 1.02 
13 162.5 6,..95 o.52 5.98 1.68 1.16 
14 187.0 6,..85 o.ss 5o89 1.77 1.14 
15 210.s 6088 0.,59 5o95 lo71 lol.2 
TABLE XIII 
OXYGEN UTILIZATION DATA FOR EXPERIMENT V 
RON IDIME SEED SAMPLE NET OXYGEN 
NOo HRS. n.o. · a n.o. n.o. A.. n.o. UTILIZATION 
Mg/L Mg/L Mg/L Mg/L Mg/L 
1 0 7.90 0 7.82 0 0 
2 7 7o92 0 7.82 0 0 
3 16 7.86 o.o4 7.79 0.03 0 
4 25 7o85 0.05 7.81 0.01 0 
5 49 7.87 Oo03 s.02 lo80 lo80 
6 66 7.90 0 4o57 3o25 3o25 
7 74 7086 o.o4 4.45 3.37 3.33 
8 80 7086 o.o4 4o32 :s.50 3.46 
9 92 7.86 Oo04 4o23 3.59 3o55 
10 106.5 7o90 0 4.02 3o80 3.80 
11 130 7o90 0 3.02 4.80 4o80 
12 176 7.85 0.05 1.94 5.88 5.83 
13 194.5 7.82 o.os 1.76 6006 5.98 
14 241.,5 7o82 Oo08 lo63 6019 6.11 
16 265.5 7086 Oo04 1.42 6.,40 6.36 
16 337.5 7.86 o.04 1.,07 6075 6.,71 
17 385.5 7.82 o.os · lolO ·6072 6.64 
18 437.5 7.81 o.o9 1.10 6072 6.63 
19 48505 7.81 0.09 0.1s 7.07 6.98 
'IDABLE.XIV 
OXYGEN UTILIZATION DATA FOR EXPERIMENT VI 
RUN !l:ME SEED SAMPLE NET OXYGEN 
NO., HRSo DoOo A D.Oo D.O. A DoO• UTILIZATION 
MefL Mg/L Mg/L Mg/L Mg/L 
l 0 8cl5 0 a.10 0 0 
2 7 8013 Oo02 · 8006 Oo04 Oo02 
3 15 8.13 0.02 7o61 Oo49 Oo47 
4 23 7.93 Oo22 7ol5 Oo85 o.ss 
5 29 7oS3 0.22 6.75 lo35 1.13 
6 43 7o85 Oo30 6045 2o65 2o35 
7 58 7o84 Oo31 4o95 3ol5 2.84 
8 69 7o77 Oo38 4o48 3o62 3.24 
9 90 7068 Oo47 3o89 4.,29 3o82 
10 136 7o58 Oo57 3.22 4088 4.31 
11 186 7o48 o.67 2o64 5o46 4o79 
12 241 7o33 Oo82 2.49 5o61 4o79 
13 289 7o18 0,,97 2o24 5086 4o89 
14 361 7o18 Oo97 2.19 5.91 4.94 
15 426 7ol8 Oo97 2ol2 5.98 5o01 
16 480 7c18 o.s1 1.,89 6021 5o24 
TABLE X:V 
BACTERIA COUNTS ( EXPo I ) 
COLONIES PER 1/2 PLATE OF 
SEED 
RUN TD.dE DIUJTIONS ORG. PER ML. 
NO. HRS. -2 -3 -4 4r 
10 10 10 10 ------
,1 0 21 ,0 0 • 2 •. 6 
2 24 TMC 73 8 91.3 
3 48 120 11 15000 
4 73 88 0 llOoO 
5 96 .. 11 0 13.7 
6 119 100 11 12.5 
7 143 150 15 18o7 
8 166 100 14 12.5 
9 214 78 7 908 
10 240 30 4 308 
TMC:Too ~any col~nies to count 
? :Counting was n0t posiible 
COLONIES PER 1/2 PLATE OF 
SA1.1PLE 
DIWTIONS ORG. PER ML. 
-2 -3 -4 4 
10 10 10 10 ----
17 0 0 2ol 
TMC TMC 47 58o7 
200 22 25000 
100 11 12500 
11 0 l3o7 
? 11 0 13.7 
85 5 6.3 
96 16 20.0 
43 4 5.4 




BACTERIA COUNTS (EXP.II) 
COLONIES PER 1/2 PLATE OF COLONIES PER 1/2 PLATE OF 
SEED .. SAMPLE 
RUN TI.ME DIIDTIONS ORG. PER ML. DILUTIONS ORG. PER ML. 
NO. HRS. -2 -3 -4 5 -2 -3 -4 5 
10 10 10 10 10 10 10 10 -- ---
1 0 46 6 5.9 39 3 4.9 
2 24 120 12 l 1.5 TMC TMC 48 60~0 
3 46 220 24 3 2.7 130 13 16.3 
4 72 TMC 36 4 4.5 170 26 21.3 
5 96 TMC 37 4.6 120 10 15.0 
6 138 TMC 31 3.,9 TMC 74 9.~ 
7· 285 96 21 lo2 TMC 36 4.6 




BACTERIA COUNTS ( EXP.III) 
COLONIES PER l/2 PLATE OF COLONIES PER 1/2 PLATE OF 
SEED SAMPLE 
RUN TIME DIWTIONS ORG. PER ML. DILUTIONS ORG. PER ML. 
NO. HRS. -1 -2 -3 4 -1 -2 -3 4 
10 10 10 10 10 10 10 10 --- ----
l 0 . 63 8 7.9 55 5 6.9 
2 13 56 5 7o0 56 9 7o0 
3 26 tuc 95 11.9 TMC 95 11.9 
4 41 20 0 2.5 98 0 12.3 
5 48 130 2 0 l.6 T1C 36 4 4.5 
6 62 210 ·3 2.6 TMC 31 5 3.9 
7 72 60 30 308 TMC , TMC 23 28o7 
8 85 TMC 130 l6o3 '?AC 87 10.9 
9 . 99 81 5 lOol TMC 140 17.5 
10 111 - 120 19 15.0 T~ 49 61.2 
11 123 - 100 10 l2o5 TMC 55 6807 
12 135 58 1 7.3 TID 65 68.7 
13 147 97 33 12.1 - T1C 36 46.0 
14 161 - 100 34 12.5 T1C 48 60o0 
15 187 - 200 20 25.0 140 17 17.0 
16 211 - 180 51 22o5 170 25 21.4 
17 236 66 82o5 82 14 10.3 
18 333 58 11 7.3 23 5 2.9 
19 415 - 270 31 33.8 70 6 . 8.8 
20 491 - 110 10 13.8 66 8 s.3 
TNC: Teo JllJUlY oolenies te count 
52 
TABLE XVIII 
BAO TERIA COUNTS ( EXP• V ) 
COLONIES PER 1/2 PLATE OF COLONIES PER l/2 PLATE OF 
SEED SAMPLE 
RUN TIME DIUJTIONS ORG. PER ML. DIUJTIONS ORG. PER ML. 
NO. HRS. -1 -2 -3 4, -2 -3 -4 4 
10 10 10 10 10 10 10 10 ---- ---l 0 68 5 a.s 55 3 0 6.9 
2 7 . 50 6 6.3 61 3 0 7.6 
3 16 70 5 a.a 72 9 0 9.8 
-
6 66 49 17 Sol TMC TMC 
7 74 83 36 10.4 TMC TMC 
8 80 ? 12 15.0 TMC TMC ? 
10-4 10-$ 
9 92 TMC 75 9o4 170 26 210.0 
10 106.6 - 54 608 160 16 200.0 
11 130 100 12.5 91 7 114.0 
12 176 54 6.8 ? ? 
10- 3 10- 4 
13 194.5 TMC 49 6.2 30 4 38.0 
14 241.5 TMC 45 5.7 88 7 11.0 
15 265.6 TMC 73 - 9.2 140 18 17.5 
16 337.5 190 19 2o3 42 4 5.3 
1C1'"1 
17 385.5 150 14 1.9 38 Ea 3o3 
18 437.5 146 5 1.8 84 TM; 10.5 
19 485.4 170 92 2.1 92 11.5: 
TMC • Too many ooloniea to count 
? • Counting wa.a net pesaible 
TABLE XIX 
BACTERIA COUNTS (EXP.VI) 
COLONIES PER 1/2 PLATE OF COLONIES PER 1/2 PLATE OF 
SEED SAMPLE 
RUN TJ;'.Mfil DIIlJTIONS ORGo PER ML. DILUTIONS ORGo PER ML. 
NOo HRS. -2 -3 -4 4 -2 -3 -4 4 
10 10 10 10 .J&._ ..!Q.... .1.2... 10 ~----
l 0 19 2 2308 13 2 16o3 
2 7 12 0 l5o0 7 1 a.a 
3 15 82 9 0 10.3 78 10 9.8 
4 23 88 8 0 11.0 62 4 7.8 
5 29 91 7 0 11.4 100 11 0 12.5 
6 43 84 10.5 170 21.3 
7 58 61 7.6 ? 12 15o0 
8 69 12 0 15.0 67 30 803 
9 90 93 11.6 89 12 11.1 
10-1 1cr1 
. 10 138 32 230 2.9 17 2.1 
11 186 37 240 3.0 19 90 lol 
12 241 28 220 2.7 21 li:D L5 
13 289 220 2. fl,,, 190 2 .. 4 
14 361 210 2.6 130 lo6 
15 426 190 2o4 100 lo3 
16 480 - 200 2o5 160 1.9 
? = Counting was net pessible 
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TABLE: XX 
DETERMINATION OF BOD OF NUTRIENT BROTH 
------·------·--------
Date: April 13, 62 
Dilution Preparation: BACTO Nutrient Broth was rehydrated by dissolving 
8 grams in 1000 ml. deionized water and then steri-
lizing it in the autoclave for 15 minutes at 15 
pounds pressure (121°c) 
Incubation Period: 4 days 
Seed: 2 ml/1 
Bottle Dilution Initial Final 
No. Ident. Fac~or DO DO Depletion ijOD ____ 
40 Seed 8.1'7 7.57 0.60 
8 Sample 625 8.17 
13 Sample 1250 8.17 3.30 4.27 5330 
88 Sample 1870 8.17 4.76 2.81 5270 
23 Sample 2500 8.17 5.48 2.09 5230 
104 Sample 3125 8.17 5.88 1.69 2280 
Ave.= 5278 
From previous experiments 4-day BOD is approximately 92% of 5-day BOD. 
Therefore, Broth 5-day BOD is about 5270 ppm. and 5-day BOD is approxi-
mately 68% of 20-day BOD, therefore Total BOD of Broth is 8430 ppm. 
TABLE XXI 
TRIAL PLATING FOR ORGANISM COUNT DETERMINATION 
Experiment III 
Date: Mar. 8, 62 
10-3 
TMC 11 1 0 
14 O O 
13 1 0 
26 O 
""Ti;. -2 
Therefore population is 64 x 12.5 x 104 = 8 x 106 org./ml. 
Experiment IV 
Date: Mar. 30, 62 
SM = Serratia Ma.rcesens 
ML= Micrococcus Lysodeikticus 
PF= Pseudomonas Fluorescens 
SM (Optical density of 0.10 and wavelength of 600 mu) 





Therefore population is 125 x 12.5 x 105 = 16 x 107 org./ml. 
ML (Optical density of 0.22 and wavelength of 600 mu) 
Population is 3.8 x 107 org./ml. as computed in a trial on 
that date for a different experiment 
PF (Optical density of 0.15, and wavelength of 600 mu) 
10-3 
TMC 







502 X 10 X 105 = 
To have 1 x 105 org./ml. of each ty-pe of organisms, use: 
o.67 ml/1 of SM 
2.67 ml/1 of ML 
0.33 ml/1 of PF 
Experiment VI 




10-2 10-3 10-4 
59 6 3 
60 10 3 
76 9 1 
10 1 
64 35 8 
Therefore population is 253 x 12.5 x 102 = 3.5 x 105 org./ml. 
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